A phytohormone (plant hormone) is defined as a naturally occurring plant compound that acts as a signal molecule even at low concentrations. Nine hormone classes are currently recognized in plants: auxins, cytokinins, ethylene, gibberellic acid, abscisic acid, brassinosteroids, salicylic acid, jasmonic acid, and strigolactones (for more information, see the Teaching Tools in Plant Biology articles on each of these hormones). Interestingly, 5-to 60-amino acid long peptides also display many characteristics of hormones. In plants, peptide hormones have been found to regulate gene expression and cause changes in a variety of parameters and processes, including cell size and number, fertilization, plant responses to nutrient availability, and defense against pathogens, even at femtomolar (10 −15 M) concentrations! This Teaching Tool introduces plant peptide hormones, including how they are produced, recognized, and transported through the plant, and their diverse functions. The Teaching Tool also includes an appendix providing snapshots of more than 20 families of peptide hormones.
Learning objectives
By the end of this lesson the student should be able to:
 Compare and contrast plant peptide hormones and non-peptide hormones  Summarize the steps involved in the production of a biologically active peptide hormone  Explain some of the challenges that hinder the identification of peptide hormones through bioinformatics methods  Evaluate the strengths and weaknesses of different methods to identify peptide hormones  Propose an experiment to determine if a peptide hormone moves long distances in the plant  Indicate three different roles that peptide hormones have in plant development and growth  Indicate three different roles that peptide hormones have in plant reproduction  Indicate three different roles that peptide hormones have in biotic interactions  Design two experiments to investigate whether a small peptide has biological activity in plants  Summarize our understanding of the evolution of plant peptide hormones, including the role of gene duplication  Download and read Xu, C., et al., and Lippman, Z.B. (2015) . A cascade of arabinosyltransferases controls shoot meristem size in tomato. Nat Genet 47: 784-792. What are the questions being addressed in this paper? What are the key findings and how do they contribute to our understanding of peptide hormones in plants?  The paper by Okuda et al. (2009) Defensin-like polypeptide LUREs are pollen tube attractants secreted from synergid cells. Nature 458: 357-361 is a modern classic, and showed for the first time that peptide hormones serve as position signals to attract growing pollen tubes. Download and read this paper. How did the authors identify and characterize the signaling peptides? Draw a one-panel summary of the key findings of this paper.  Investigate a peptide-hormone family from the appendix. Select and read a key paper that has helped to define this family and its functions. Write a one-paragraph summary of a key experiment in this paper.  A pair of papers published back-to-back revealed a peptide-based signaling mechanism for the formation of the Caparian strip diffusion barrier. Doblas, V.G., et al. and Geldner, N. (2017) . Root diffusion barrier control by a vasculature-derived peptide binding to the SGN3 receptor.  What are the pros and cons of spraying peptides onto fields (for example, as growth promoters or to confer protection against pathogens)? What is a peptide hormone? 5
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Lecture synopsis Introduction to peptide hormones (3 -9) Peptide hormones are small secreted peptides; short amino-acid chains (5 -60) that can affect different cells than the ones in which they are produced. As hormones, they carry information, can act at long distances, commonly require membrane-bound receptors for recognition, are active at very low concentrations, and influence many developmental programs. However, unlike other plant hormones, they are derived from a polypeptide chain. Insulin, which controls blood sugar levels in mammals, was the first known peptide hormone. The first one known in plants was named systemin, because it carries information about herbivore damage systemically through the plant. Not all biologically active small peptides are hormones, only those that act as signals.
Structure and generation of peptide hormones: Primary sequence (10 -16) Two criteria are used to classify plant peptides, the primary amino acid sequence and the posttranslational modifications of those amino acids. Peptide hormones are derived from ribosomally-translated precursors. The precursor (pre-pro-protein) has an amino-terminal signal peptide sequence that directs the protein into the endoplasmic reticulum and secretory pathway. After the signal peptide is removed the inactive pro-peptide is further enzymatically cleaved by peptidases to release the bioactive peptide. Genetic studies have confirmed the requirement for and identify of these peptidases.
Post-translational modifications and their presumed roles (17 -21) Beyond the primary amino acid sequence, the function of peptide hormones is also controlled by post-translational modifications. Non-enzymatic modifications include the formation of disulfide bridges in cysteine-rich peptides. Enzymatic modifications can include hydroxylation of prolines, addition of arabinosyl groups on hydroxyprolines, and sulfation of tyrosines. In many cases, proper post-translational modifications have been shown to be required for needed for biological activity and for high-affinity interactions with receptors.
Prediction and identification of peptide hormones (22 -30)
The prediction and identification of peptide hormones from genomic data is fraught with several challenges, partly because it is difficult to recognize their small open-reading frames, and partly because their sequences are often poorly conserved. Therefore, a combination of methods is needed: bioinformatics, transcriptomics (analysis of expressed RNAs), genetics, and biochemical methods including peptidomics (the analysis of small expressed peptides).
Mobility and perception of peptide hormones (31 -41)
Although there is evidence for the ability of peptide hormones to move between cells and organs, much of the mechanistic basis remains unresolved. Some seem to move largely by diffusion in the apoplast, whereas others appear to move through the xylem and phloem. Mechanisms to study movement include extraction of apoplast fluids or vascular sap, and grafting. More is known about how the peptide hormones are perceived by receptors. So far, identified receptors have been in the LRR-RLK (leucine-rich repeat receptor-like kinase) family, the function and confer specificity along with a co-receptor; similar co-receptor pairs are involved in the perception of other types of plant hormones. The responses of peptidehormone binding are cell-type specific. Downstream responses can involve proton pumping, reactive oxygen production and transcriptional responses. Shutting off the signal, or signal attenuation, can involve endocytosis of the receptor, competition for the receptor, and ligand sequestration.
Physiological roles of peptide hormones (42 -56)
The roles of peptide hormones described so far span from development to interactions with other organisms. Specific examples include: stem cell identity, cell wall remodelling, many different aspects of reproduction, tolerance to abiotic stresses, and interactions with other organisms including symbionts.
The evolution of peptide hormones (57 -62) There is evidence for massive expansions of genes encoding peptide hormones, which enables them to evolve new functions. Although some peptide hormones are found in a wide-range of plants including bryophytes (indicating an ancient origin), others are much more restricted, indicating a more recent evolutionary origin. Some have additional developed additional, species-specific functions (Embry Sac and Stigma-Specific are examples). There are also examples of convergent evolution, both in terms of sequence and structure.
Critical questions in the peptide hormone field (63 -68) The origins and functions of plant peptide hormones are far from resolved. Outstanding questions include: Why are there so many peptide hormone genes, and how much redundancy is there within families? In what ways does peptide-hormone signaling intersect with signaling from other plant hormones? Are additional types of post-translational modifications (found in other organisms) also present in plants? To what extent do receptors recognize multiple ligands, and vice versa? How much control is there over peptide hormone transport, and what are their transporters?
